Studies on the diversity, distribution and ecological role of Saprolegniales (Oomycota) in freshwater 14 ecosystems are currently receiving attention due to a greater understanding of their role in carbon 15 cycling in various aquatic ecosystems. In this study, we characterized several Saprolegniales species 16 isolated from Anzali lagoon, Gilan province, Iran, using morphological and molecular methods. Four 17 species of Saprolegnia were identified, including S. anisospora and S. diclina as first reports for Iran. 18 Evaluation of the ligno-, cellulo-and chitinolytic activities were also measured using plate assay 19 methods. Most of the Saprolegniales isolates were obtained in autumn and nearly 50% of the strains 20 showed chitinolytic and cellulolytic activities. However, only a few Saprolegniales strains showed 21 lignolytic activities. This study has important implications for better understanding the ecological 22 niche of oomycetes, and to differentiate them from morphologically similar but functional different 23 aquatic fungi in freshwater ecosystems. 24 25
Introduction 29
Saprolegniales, as a monophyletic order, belong to the phylum Oomycota. It includes biflagellate 30 heterotrophic microorganisms that have eucarpic mycelial and coenocytic thalli of unlimited growth. 31 They produce asexual (sporangia) and sexual (gametangia) structures delimited by septa. 32 Saprolegniales are mainly predominantly freshwater saprophytes of plant and animal debris (Beakes 33 and Sekimoto 2009). This order contains three families; Achlyaceae (four genera), Saprolegniaceae 34 (11 genera) and Verrucalvaceae (7 genera) (Beakes et al. 2014; Molloy et al. 2014; Beakes and 35 Thines 2017; Rocha et al. 2018 ). Among these, Achlya, Brevilegnia, Dictyuchus, Leptolegnia, 36 Plectospira, Saprolegnia and Thraustotheca have been commonly reported to inhabit freshwater 37 ecosystems (Czeczuga et al. 2005; Mousavi et al. 2009; Marano et al. 2011) . 38 Saprolegniales species have been recently receiving increased attention due to their wide distribution, 39 ubiquitous occurrence (Liu and Volz 1976; Kiziewicz and Kurzątkowska 2004; Nascimento et al. 40 2011), their devastating fish pathogenicity in aquaculture and fish farms and responsibility for 41 massive decline of natural salmonid populations (Griffiths et al. 2003; Van West 2006; Romansic et 42 al. 2009; Van Den Berg et al. 2013) . Aside from their pathogenicity, many authors have also 43 investigated relative frequencies of Saprolegniales throughout different seasons in relation to physico-44 chemical features of the respective freshwater ecosystems (El-Hissy and Khallil 1991; Czeczuga et al. 45 2003; Paliwal et al. 2009 ). Although these oomycetes are generally isolated from plant debris, their 46 involvement in organic matter degradation in freshwater ecosystems remains less clear. 47 Species identification of Saprolegniales is largely based on morphological features (Coker 1923; 48 Seymour 1970; Johnson et al. 2002) . However, this identification is perplexing due to several reasons. 49 First of all, in many cases, morphological and morphometric characters are vague and variable. 50 Secondly, more determinative features like sexual structures are not always produced in vitro. Also, 51 lack of type species and accurate description make it even harder to define specific species (Sandoval-52 Sierra et al. 2015 Sierra et al. , 2014 . Recently, sequencing of the ribosomal internal transcribed spacer (ITS) has 53 been applied to create a phylogenetic framework within which to address issues of morphological and 54 taxonomic ambiguity (Steciow et al. 2014) . Whether complementary molecular targets, in addition to 55 3 the de facto ITS region, would improve this approach or are even necessary is still open to debate 56 (Robideau et al. 2011). 57 In this study, we investigated the diversity and seasonality of various strains of Saprolegniales 58 isolated from Anzali lagoon, Iran. In total, we obtained 511 isolates from three locations during 2017 59 and studied their seasonality. From these, 23 isolates were randomly selected representing different 60 sampling time points and locations and identified using morphological and phylogenetic analyses. In 61 addition to their taxonomy, we tested the hypothesis raised by Masigol et al. (2019) that fungi and 62 Saprolegniales differ in their affinity for polymeric dissolved organic matter (DOM) and 63 consequently in their involvement in aquatic DOM degradation and cycling. To this, we evaluated the 64 ligno-, cellulo-and chitinolytic activities of the selected strains. Our results have important 65 implications for understanding the different roles of fungi and Saprolegniales in aquatic ecosystems.
66

Materials & Methods
67
Sampling site 68 Anzali lagoon is situated at the Caspian Sea near Bandar-e Anzali, in the northern Iranian province of 69 Gilan. The lagoon divides Bandar-e Anzali into two parts, and is home to both the Selke Wildlife 70 Refuge and the Siahkesheem Marsh. Three sampling sites as representatives of the main habitats in 71 Anzali lagoon were selected:1) river entrance, 2) shallow water habitat and 3) urban habitat ( Fig. 1 ). 73 Throughout 2017, 511 Saprolegniales isolates were isolated using the methods described earlier by 74 Coker (1923) and Seymour (1970) . In brief, samples of decaying leaves of the dominant local 75 vegetation collected from the three sampling locations were brought to the mycology laboratory of the 76 University of Guilan in separate sterile polyethylene bags. Leaves were cut into approximately ten 77 equal pieces (0.5×0.5 cm). After washing with distilled water, they were incubated at 20-25°C in 78 sterilized plates containing 10 mL sterile distilled water with 20 sterilized hemp seed halves 79 (Cannabis sativa L.) (Middleton 1943) . Temperature and pH of surface water were continuously 80 recorded immediately after collecting decaying leaves. Three replicates were considered for each 81 location. The average number of colonized hemp seed halves from 10 Petri dishes was used to 82 estimate the abundance of Saprolegniales throughout the year. The presence of Saprolegniales was 83 4 confirmed by observing at least one of the general features of oomycetes such as oogonia, sporangia, 84 large and aseptate mycelia and motile zoospores. 85 After three to five days, a piece of mycelia from the colonized hemp seed halves was transferred to a 86 fresh CMA-PARP medium (CMA-PARP; 40 g/L ground corn meal, 0.5 g/L ampicillin, 0.01 87 rifampicin, 0.2 g/L Delvocidsalt and 0.1 g/L Pentachloronitrobenzene (PCNB), 15 g/L agar) 88 (Kannwischer and Mitchell 1981) . This step was repeated three to five times to achieve bacterial free 89 (axenic) cultures. A single hypha was transferred to cornmeal agar (CMA; 40 g/L ground corn meal, concentration of different dyes in previous experiments is highly variable. Therefore, two different 141 concentrations were used to ensure that the applied concentration does not impact on the growth or 142 the enzymatic activities of the tested strains. The capacity of each strain to produce lignolytic activity 143 was determined by decolorization of the aforementioned substrates in the area around the mycelia or 144 as a colour change of the media after three weeks. We evaluated 1-33, 33-66, and 66-100% 145 decolorization of the medium in the Petri dishes as weak, medium, and strong activity, respectively.
72
Seasonal distribution of Saprolegniales and isolation
146
-Cellulolytic assay 147 The same media as used for evaluation of lignolytic activities were amended with the following 148 enzymatic carbon sources to investigate cellulolytic and pectolytic activities: (9) 7.5 g 149 carboxymethylcellulose (CMC), (10) 7.5 g Avicel (AVL) and (11) Red (1 mg ml -1 ) was amended to the medium and incubated at room temperature for 15 min. 152 Subsequently, the medium was rinsed with distilled water, and 30 mL of 1 M NaCl added. 153 Degradation of CMC, Avicel, and D-cellobiose was confirmed by a transparent appearance of the 154 medium (and mycelia) (Teather and Wood 1982; Pointing 1999) .
155
-Chitinolytic assay 156 The method proposed by Agrawal and Kotasthane (2012) Statistical analyses 176 We assessed whether there was a significant impact of month or broadly season at each of the three 177 locations on the frequency of Saprolegniales colonisation of hemp leaves, using a two-way ANOVA. 178 The relative contribution of temperature and pH to any spatio-temporal trends were assessed using The phylogenetic classification of ITS sequences (694 bp) of the different genera belonging to 249 Saprolegniaceae (Saprolegniales, Oomycota), inferred from both maximum likelihood method was 250 consistent with the morphology-based taxonomy. Moreover, we found for most morphological 251 10 identified species some reliable sequences with high similarity (99-100%), so that these sequences 252 clustered with our identified species in the same clade (Fig. 3) .
253
Screening for lignolytic, cellulolytic, pectolytic and chitinolytic activities 254 Of all tested isolates, 61% showed chitinolytic activities. In addition, 52, 43, and 48% of all tested 255 isolates showed cellulolytic activities in the medium amended with avicel (AVL), 256 carboxymethylcellulose (CMC) and D-cellobiose (DCB), respectively. In contrast, no significant 257 lignolytic activities were observed. Decolorization of dyes was detected only in the medium amended 258 with Bromocresol Green (BG) and Toluidine Blue (TB) (39 and 8% of isolates, respectively). In some 259 cases, isolates failed to grow, especially in the medium amended with Phenol Red (phR). Also, in 260 media amended with Congo Red, adsorption by mycelia was observed. Thus, it was not considered as 261 a proof for lignolytic activity (table 3) .
262
Discussion
263
With this study we sought to evaluate both the spatio-temporal occurrence of Saprolegniales species 264 within the brackish Anzali lagoon and to describe their morphological, phylogenetic, and 265 physiological diversity. Previously, Dictyuchus Leitgeb genus (Stramenopila, Oomycetes) had been 266 reported from Anzali lagoon (Masigol et al. 2018 ). We did not observe an influence of sampling site 267 on the isolation of the taxa, although that isolation rate was slightly lower at the river mouth site in 268 summer and thus may reflect some local seasonal effects. Generally, we observed a much lower 269 abundance of Saprolegiales isolates in summer, when both precipitation and terrestrial input was 270 lowest. This is in agreement with the 25 existing case studies (e.g., Czeczuga et al. 2003; Paliwal and 271 Sati 2009) which show a similar pattern and variation in abundance. High temperature periods are the 272 least favourable for Saprolegniales (Fig. 4) , although this should be considered alongside other (2010) noted that the higher water temperature and declining water volume created ideal conditions 279 for bacteria in the summer, which might compete with oomycetes for organic matter. 280 Previous attempts to fully elucidate the impact of anthropogenic pollution on the microbial ecology of 281 Anzali Lagoon have largely overlooked the role of fungi and oomycetes. Understandably, integration 282 of mycological approaches into aquatic ecology is difficult, with vague morphological features 283 contributing to the inability to distinguish between species in situ. This is particularly true for 284 Saprolegniales taxa for which species identification is complex and often lacks a conclusive and 285 consistent morphological form (Hulvey et al. 2007; Steciow et al. 2014) . With this study, by assessing 286 the number of isolated colonies we were able to better assess the occurrence and distribution of these 287 organisms in the environment. However, this approach is still limited in that it is both time-consuming 288 and not all Saprolegniales may be readily cultured. 289 Using a combination of morphological and molecular approaches we were able to confirm the Aphanomyces spp., Pythium spp. and Saprolegnia spp. interestingly, all isolates exhibited chitinolytic 312 activity (Unestam 1966; Nyhlen and Unestam 1975) . In contrast, Thompson and Dix (1985) showed 313 moderate to strong cellulolytic activity tested in 27 Saprolegniales taxa including Achlya spp. and 314 Saprolegnia spp.. Whether the capacity of oomycetes to utilize more complex polymers, including 315 lignin, remains unclear. Although our strains can fairly represent Achlya and Saprolegnia, isolation of 316 less common genera will be necessary to have a better understanding of their enzymatic affinities.
317
In this study, capacity to degrade lignin was not evident with none of the isolates exhibiting laccase 318 activity, and fewer than 25% of the isolates exhibiting any peroxidase activity (table 3) . This agrees 319 with a previous study where the potential for lignin degradation amongst Dictyuchus spp. and Achlya enzymes on chitin rich substrates does not immediately prove its involvement in chitin processing, we 332 feel it warrants additional investigation. In this study we isolated oomycetes directly from plant debris 333 occurring in freshwater systems, despite their inability to utilise the predominantly lignin-based 334 13 substrate. Steinberg et al. (2003) and Meinelt et al. (2007) argue that plant-derived humic acids, which 335 occur at high abundance at the terrestrial-aquatic interface, inhibit the growth of some oomycetes. 336 Therefore, their ecological role in this niche remains uncertain, although we speculate that they may 337 form, at minimal, a commensal relationship with filamentous fungi, to utilise both the labile (chitin, 338 cellulose) and more refractory (lignin) components on this substrate (Lennon et al. 2013; Solomon et 339 al. 2015) . 340 In conclusion, it is important to complement traditional morphology-based taxonomy with molecular-341 based taxonomy but including several markers. It will be also essential to include other techniques 342 such as metabarcoding the have a better impression of the relative abundance of this group respect 343 other eukaryotes. To our knowledge, most of the studies performed in various freshwaters lack precise 344 taxonomy and hence are greatly impacting ecological interpretations. We observed clear seasonal 345 dynamics in the occurrence of Saprolegniales in Anzali lagoon with a decline in summer linked to 346 both increased water temperature and high levels of anthropogenic pollution. We confirmed that 347 Saprolegniales isolates lack the broad substrate specificity of fungi, rather exhibiting specific activity 
